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57 ABSTRACT 

An E-scan, space fed antenna is realized using non 
active radiation and excitation arrays and a reduced 
number of phase and amplitude shifters. The linear 
radiation array is coupled to the concave excitation 
array by a parallel plate lens. An optimization technique 
allows the choice of a subset of the excitation array and 
the calculation of the optimum complex weight for each 
activated element of the excitation array. An antenna 
design allowing 80 of scan and providing a maximum 
sidelobe level of better than - 40 dB is disclosed which 
requires only 16 high resolution digital phase shifters 
and amplitude settings. 

5 Claims, 17 Drawing Figures 
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1. 

ELECTRONICALLY SCANNED SPACE FED 
ANTENNA SYSTEM AND METHOD OF 

OPERATION THEREOF 

FIELD OF THE INVENTION 

The present invention relates, in general, to E-scan, 
space fed antennas. More particularly, the invention 
relates to an E-scan, space fed antenna system requiring 
no active elements associated with the radiation array. 
The present invention further relates to a method of 
optimizing the performance of such antennas. 

BACKGROUND OF THE INVENTION 
Phased array antennas are useful for providing high 

quality, electronically scanned beams. However, such 
antennas require the distribution of RF energy to a large 
number of elements in the array. 
One solution to this problem is the space fed antenna 

wherein a second, usually smaller, array, the excitation 20 
array, radiates energy across a space after which it is 
coupled to and re-radiated by the primary, or radiation 
array. Thus, power distribution to the radiation array 
requires no direct physical connections. 

Typically, each element of the radiation array in a 25 
space fed antenna is phase controlled, as in a phased 
array, and the radiation elements may also be amplitude 
controlled. In addition, it is sometimes necessary to 
apply phase and/or amplitude control to the excitation 
array elements. Thus, the number of high resolution 30 
phase shifters and amplitude settings required for an 
E-scan, space fed antenna can be quite large. 

SUMMARY OF THE INVENTION 

Accordingly, it is an object of the present invention 35 
to provide an improved E-scan, space fed antenna. 

It is a further object of the present invention to pro 
vide an improved E-Scan, space fed antenna having no 
active elements at the radiation array. 
Yet a further object of the present invention is to 40 

provide an improved E-scan, space fed antenna requir 
ing a minimum number of phase shifters and amplitude 
Settings. 
Another object of the present invention is to provide 

a method of designing and operating such an antenna so 45 
as to optimize its performance. 
A particular embodiment of the present invention 

comprises an N element excitation array coupled to an 
L-element radiation array by means of a parallel plate 
lens. The radiation array is a linear array while the 50 
excitation array lies on a curve which is locally approxi 
mately circular, but with decreasing radius at the outer 
edges. In addition, the inter-element spacing in the exci 
tation array is varied. An M element subset of the exci 
tation array is coupled to the transmit/receive appara- 55 
tus through a switching matrix, digitally controlled 
amplitude settings and phase shifters and a power distri 
bution network. A look-up table receives an indication 
of the desired scan angle and provides inputs to the 
switching matrix and amplitude/phase shifters to select 60 
the proper subset of the excitation array and the opti 
mum complex weight for each element. Fixed delay 
lines at the radiation array focus that array to a prede 
termined point. 

This embodiment of the present invention further 65 
comprises a method of selecting the complex weight 
factors (amplitude and phase) to be applied to each 
excitation array element to optimize the illumination of 

10 

2 
the radiation array in a minimum mean Square Sense. 
The disclosed method is also suitable for optimizing the 
original design parameters of the antenna. 

Using the techniques described below, it has been 
shown possible to design an antenna having a 142-ele 
ment radiation array excited by a 16-element subset of 
the excitation array. The antenna has a scan range of 80 
(+40° about center) with a maximum sidelobe level of 
- 42 dB and a well formed main beam. 
These and other objects and advantages of the pres 

ent invention will be apparent to one skilled in the art 
from the detailed description below taken together with 
the drawings. 
BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of an E-scan, space fed 
antenna system according to the principles of the pres 
ent invention. 
FIG. 2 is a geometric diagram of the elements of the 

antenna of FIG. 1. 
FIGS. 3A-E are graphs illustrating the operation of 

an antenna system according to the principles of the 
present invention at a scan angle of 0. 
FIGS. 4A-E are graphs illustrating the operation of 

an antenna system according to the principles of the 
present invention at a scan angle of 20. 
FIGS. 5A-E are graphs illustrating the operation of 

an antenna system according to the principles of the 
present invention at a scan angle of 40. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Referring now to FIG. 1, the basic elements of an 
E-scan, space fed antenna 8 according to the principles 
of the present invention are described. A radiation array 
10 comprises a linear array of radiating elements 11. 
The number of elements 11 in array 10 is L. In a pre 
ferred embodiment of the present invention L = 142. 
Radiation array 10 is also commonly referred to as the 
aperture array. Each element 11 is coupled to one end 
of a delay line 12. As is discussed below, delay lines 12 
are used to focus array 10 to a predetermined point. 
Delay lines 12 may be meander lines, lengths of coaxial 
cable or other suitable devices. The other end of each 
delay line 12 is coupled to a probe 13. 

Probes 13 are arranged in a linear array across the 
front of a parallel plate lens 15. As is familiar in the art, 
a parallel plate lens is a broadband RF transmission 
device comprising two parallel conductive plates sepa 
rated by a predetermined distance. The plates are 
bounded by an RF absorptive material to eliminate 
reflections. RF energy propagates between the plates in 
a TEM mode. 
The edge of parallel plate lens 15 opposite probes 13 

is a curve whose shape will be discussed below. Along 
this curve an array 16 of excitation elements 17 is ar 
ranged. The number of elements 17 in array 16 is N. 
However, only a subset 18 of array 16 is in use at any 
one time. The number of elements 17 in subset 18 is M. 
In a preferred embodiment of the invention, M = 16. 
Each element 17 in array 16 is coupled to a switching 

matrix 20 by means of an RF transmission line 21. 
Switching matrix 20 serves to couple the remainder of 
the system to the appropriate subset 18 of excitation 
array 16. In the preferred embodiment of the invention, 
switching matrix 20 provides M RF transmission paths 
of equal length. If the phase and/or amplitude charac 
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teristics of the various transmission paths are not identi 
cal, this may be accounted for in the mathematical 
model, as will be clear from the discussion below. 
A look-up table 22 is coupled to switching matrix 20 

and provides an N-bit digital word which activates 
switching matrix 20 to select the appropriate subset 18 
of excitation array 16. As is apparent to one skilled in 
the art, a minimum of N switches is necessary to pro 
vide this function. A scan angle select device 23 is cou 
pled to look-up table 22 and provides an R-bit digital 
word which selects the scan angle of antenna 8. In the 
preferred embodiment of the present invention, the scan 
range of the antenna is 80 (+40° about center) and the 
scan range is divided into 0.05 steps. Thus, 1600 scan 
angles are possible. 
A transmit/receive apparatus 25 comprises a trans 

mitter 26, a receiver 27 and a three-port circulator 28. 
Transmit/receive apparatus 25 is coupled by a single 
RF transmission line to a power distribution network 
30. The purpose of power distribution network 30 is to 
divide the single signal supplied by transmit/receive 
apparatus 25 into M signals of equal amplitude and 
identical phase. One type of apparatus which is suitable 
for performing this function is a parallel plate lens simi 
lar to lens 15 in which a single excitation probe feeds M 
probes which are equidistant from the excitation probe. 
As will be more apparent from the discussion below, 
any amplitude and/or phase variations between the M 
signals produced by power distribution network 30 may 
be taken into account by the mathematical model. 
Power distribution network 30 is coupled by M RF 

transmission paths to a complex weighting apparatus 31. 
Complex weighting apparatus 31 comprises M digital 
phase shifters 32 and M digital amplitude settings 33. 
Both phase shifters 32 and amplitude settings 33 are 
coupled to look-up table 22 by M digital lines. The 
resolution, or number of bits, of phase shifters 32 and 
amplitude settings 33 are chosen in consideration of the 
desired quality of performance of the antenna as a 
whole. Finally, complex weighting apparatus 31 is cou 
pled to switching matrix 20 by M RF transmission 
paths. 

In operation, scan angle select device 23 indicates the 
Selected scan angle to look-up table 22. Look-up table 
22 then configures switching matrix 20 to couple the 
appropriate subset 18 of excitation array 16 to complex 
weighting apparatus 31. In addition, look-up table 22 
Supplies the digital words to control the M. phase shift 
ers and M amplitude shifters of apparatus 31. Once this 
is done, transmit/receive apparatus 25 is coupled to 
radiation array 10. By virtue of the choices of the 
proper subset 18 of excitation array 16 and of the com 
plex weight applied to each element, which choices are 
made according to a method detailed below, radiation 
array 10 produces the pattern chosen by scan angle 
Select device 23. 

In the preferred embodiment of the present invention, 
in which 1600 scan angles are possible and M = 16, it 
requires 1600X2M, or 51,200, memory locations in 
look-up table 22 to store the complex weight factors to 
be supplied to apparatus 31. More memory is required 
to Store the commands necessary to configure switching 
matrix 20. However, the total number of memory loca 
tions required is well within the state of the art of solid 
State memories. Furthermore, since all of the elements 
of the radiation and excitation arrays are non-active, 
that is to say that those elements do not include active 
phase shifters or amplitude settings, the number of ex 
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4. 
pensive, digitally controlled phase shifters and ampli 
tude settings could be reduced to an absolute minimum. 
The phase and amplitude relationships between the 

elements of a linear array such as radiation array 10 
which are necessary to provide a given radiation pat 
tern are well known. For instance, see T. T. Taylor, 
“Design of Line-Source Antennas for Narrow Beam 
width and Low Side Lobe", IRE Trans. Ant. Prop, 
Volume AP-3, pp. 16-28, January, 1955. Similarly, for 
monopulse difference patterns, see E. T. Bayliss, “De 
sign of Monopulse Antenna Difference Patterns with 
Low Sidelobe”, Bell System Tech. J., Volume 47, pp. 
623-650, May-June, 1968. Once the desired pattern of 
radiation array 10 is selected, the goal is to illuminate 
probes 13 with energy with the proper amplitude and 
phase relationships to obtain the intended pattern. This 
is accomplished by the selection of subset 18 of excita 
tion array 16 and selection of the complex weight fac 
tors applied to each of the elements 17 within subset 18. 
The first step in finding the appropriate complex 

weights to be applied to the excitation elements is to 
describe in detail the illumination of each of probes 13 
by the combination of the activated excitation elements. 
To do this let l be an index indicating an element in 
radiation array 10. That is, 1 Sls L. Similarly, m is an 
index indicating an element in subset 8 of excitation 
array 16 and 1 Sms M. Now let 

M 
X Dinam, 

res 1 

(l 
El 

where E1 is the total illumination of the lith element of 
radiation array 10, Din is a factor including all of the 
phase and amplitude changes taking place between 
element m of the excitation array and element 1 of the 
radiation array and on is the complex weight assigned 
to element m of the excitation array. In other words, 
an is the combination of the phase shift and amplitude 
setting applied by apparatus 31 and by switching matrix 
20, if any. 
Now, the desired illumination pattern of radiation 

array 10 can be represented by 

(2) e 
e2 

eL 

The elements of equation (1) can similarly be repre 
sented in matrix notation as 

D = Din, (3) 

C. (4) 
C2 

C. r. 

aM 

and 
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-continued 
El (5) 
E2 

E = 

EL 

Now equation (1) can be restated as 

E= Do. (6) 

The goal is to derive a that maximizes the error 
e = Da - e. (7) 

When a minimum mean square criterion is used to mini 
mize the error, it can be shown that 

D* TDa-DTe=0, (8) 

where the * represents the conjugate of the matrix and 
the T represents the transposition of the matrix. 

Equation (8) may be restated as 

Cw -- b = 0, (9) 

wherein C equals D*TD, w= a and b = -D*Te. Equa 
tion (9) may be solved by matrix inversion. However, in 
designing the preferred embodiment of the present in 
vention, a Batch Covariance Relaxation technique, as is 
described in U.S. Pat. No. 4,353,119, was used. The 
result of this technique is to produce the vector a which 
describes the complex weight factors which must be 
applied to the selected subset of excitation array 16 for 
a given scan angle. However, before this technique can 
be used the elements Din must be known precisely. 

Referring now to FIG. 2, the basic geometric rela 
tionships between the elements of the antenna of FIG. 1 
are shown. The radiation array is defined as lying along 
an x-axis with an inter-element spacing of d1, in units of 
one-half wavelength. Element 1 of the radiation array is 
one element spacing removed from the origin. As with 
all distances shown in FIG. 2, d1 is in units of one-half 
wavelength at the center frequency of the antenna and 
FIG. 2 is shown in absolute distances. For simplicity, 
distances in the text will eliminate the one-half wave 
length multiplier. The coordinate system used to define 
geometric relationships is completed by defining a y 
axis as shown. The focal point of the radiation array, 
which is defined by the values of the fixed delay lines 
interposed between the probe elements and the radia 
tion array elements, is at the location 

(d. (; ) - F). 
Thus, F1 is the focal length of the radiation array. 
An initial selection of the appropriate subgroup of the 

excitation array for a given scan angle 6s may be made 
by extending a line from the midpoint of the radiation 
array at an angle of 6s with respect to the y-axis until it 
intersects the excitation array. A subset of the excitation 
elements extending M/2 on either side of the intersec 
tion point is the initial choice. This subset is designated 
by the index k. As is apparent, Osks N-M. The radius 
of curvature of the curve on which the excitation array 
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6 
lies is F1'. As will be discussed below, this parameter 
need not be a constant over the entire curve. 
The spacing of the elements in the excitation array is 

d2. This parameter may also be varied over the excita 
tion array to optimize the pattern. Finally, the distance 
between the 1-th element of the radiation and the m-th 
element of the k-th subset of the excitation array is dink. 
Once the basic parameters and geometric relation 

ships have been defined, a mathematical model which 
will allow the calculation of the D and E matrices can 
be formulated. First, it is necessary to have a general 
expression for the illumination of the l-th element of the 
radiation array due to the m-th element of the excitation 
array. 

him=binexpj27tf(t1-tim+T)). (10) 

In equation (10), f is a deviation about the center 
design frequency fo. That is, f=fo--f. Each of the other 
variables in equation (10) is discussed in detail below. 

First of all, this the time advance, relative to the origin 
of the coordinate system for off-axis sources in azimuth 
and is given by 

ld 
2fo 

(11) 
tl = sin 8. 

Next, tin is the signal delay between the l-th and m-th 
elements and is given by 

tn = (x1-x) + (v1-ya)?'. (12) 
While the x and y positions of the 1-th element are ap 
parent from FIG. 2, those of the m-th element are 
slightly more difficult to express. Let the angle sub 
tended by consecutive elements of the excitation array 
be 

(13) 
A = 

Next, let the angle between a line connecting the 
center of the radiation array to the m-th element and the 
y-axis be 

(14) 

o, -e, -(Mg, -n) a 
Equation (14) assumes that the excitation element at the 
center of the selected subset is at an angle of 0s with 
respect to the vertical. Of course, this can be varied if 
that degree of freedom is desired. Finally, the x and y 
positions of the m-th element of the excitation array 
subset can be stated as 

(15) 

a (t ) d1 - Fisin 9m 
and 

ym = -Fi cos 0 m. (16) 

Equations (15) and (16) consider the excitation array 
subset to be on a curve of radius of F1'. Optimum illumi 
nation of the radiation array is obtained if the subset lies 
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on a line facing the center of the radiation array. Simple 
adjustments can be made to the X and y positions to 
artificially insert this phase difference. On the other 
hand, if the adjustments are not made in the model, the 
optimization technique will add the necessary phase 
terms. The x and y positions calculated in equations (15) 
and (16) are used in equation (12) to provide the term 
tim. 
The final time delay term of equation (10), Ti, repre 

sents the delay of the focusing delay lines between 
probes 13 and radiation array elements 11 of FIG. 1. 
This delay for the 1-th element is given by 

(17) 

The final term of equation (10) to be defined is bin. 
This is a complex variable which includes the complex 
weight value an spatial attenuation between the excita 
tion array and the probe elements, and the directional 
characteristics of the probes. That is, 

bina ambba, (18) 

where b is the spacial attenuation and bad is the direc 
tional factor. Since the spacial attenuation is simply a 
r factor, it can be shown that, after normalization by 
the shortest path, it can be expressed as 

ra=(F1/dini). (19) 

The directional factor bad does not seem to strongly 
influence the results of the model. However, the direc 
tionality factor used in the preferred embodiment of the 
present invention is 

bd=sin(f/fortD cos 9m) cosein, (20) 

where D is a parameter set to 0.62X wavelength and 
6in is the angle between the line joining the i-th and 
m-th elements and the y-axis. 

It should be noted that the complex weighting factor 
an given in equation (18) is altered by any amplitude or 
phase differences in the RF transmission paths between 
the transmit/receive unit and the individual elements of 
the excitation array. This may be taken into account 
either by carefully matching all of the paths or by in 
cluding amplitude and phase corrections in the model. 
Now, each of the elements of equation (10) has been 

described in terms of the geometry of the antenna. Next, 
the summations over the l and m indices may be per 
formed to obtain the illumination of the radiation array 
by the excitation array. In the preferred embodiment of 
the present invention, this was accomplished by com 
puter. In fact, since the summation over the index l 
resembles an inverse discrete Fourier transform, the 
coefficients of which are determined by each of the 
summations over the index m, an inverse Fast Fourier 
Transform program was used. Of course, other numeri 
cal techniques are possible. The computer program was 
designed to accept as inputs the various parameters 
specifying the geometry of the antenna and to generate 
graphs indicating the illumination, in both phase and 
amplitude, of the excitation and radiation arrays and the 
far field pattern of the radiation array. In this way, the 
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8 
effects of varying the geometrical parameters of the 
antenna can be readily studied. 

Referring now to FIGS. 3A-3E, the results of model 
ing an antenna according to the preferred embodiment 
of the present invention are shown. In specifying the 
desired pattern according to the Taylor paper cited 
above, the parametern was set to 12 and the maximum 
sidelobe level was set to -50 dB relative to the main 
beam. The antenna is modeled operating at its center 
frequency at a scan angle of 0°. The focal length of the 
radiation array is 225, in half wavelength units. The 
radius of curvature of the excitation array Subset is 205. 
The radiation element separation is 1.108 and the excita 
tion array separation is 2.30. There are 142 elements in 
the radiation array and 16 elements in the active subset 
of the excitation array. 
FIG. 3A shows the amplitude weighting of the exci 

tation array elements. As would be expected, the ampli 
tude is greatest at the center of the subset and decreases 
evenly on either side thereof. In simulations in which 
one side of the subset was more strongly illuminated 
than the other, it was taken as an indication that the 
appropriate subset had not been chosen and the subset 
was moved in the direction of the more heavily 
weighted elements. 
FIG. 3B illustrates the phase weighting of the ele 

ments of the excitation array subset. Together, FIGS. 
3A and 3B completely describe the complex weight 
factors a which must be stored in the look-up table. 
FIGS. 3C and 3D illustrate the amplitude and phase 

illumination of the aperture elements, or radiation array 
elements, and can be compared to the ideal illumination 
according to the Taylor paper cited above. 

Finally, FIG. 3E shows the far field radiation pattern 
of the radiation array assuming a cos:0 pattern for each 
of the individual radiation array elements. As is appar 
ent, the main beam of the radiation pattern is very nar 
row and well formed and the maximum sidelobe level is 
-50 dB. 

Referring now to FIGS. 4A-4E, an antenna accord 
ing to a preferred embodiment of the invention is shown 
operating at a scan angle of 20. Again, the antenna is 
modeled at the center design frequency. The focal 
length of the radiation array is not altered, but the ra 
dius of curvature of the local segment of the curve upon 
which the active subset of the excitation array is located 
has been changed to 190. Also, the element spacing of 
the excitation array has been changed to 2.5. As can be 
seen from FIG. 4E, the main beam of the radiation 
pattern is only slightly broadened and the maximum 
sidelobe level is almost the same as when the scan angle 
was 0. 

Finally, referring to FIGS. 5A-5E, the performance 
of the antenna at a 40 scan angle is illustrated. The 
radius of curvature of the excitation array has been 
further shortened to 140 and the excitation array ele 
ment spacing has been changed to 2.4. Again, the main 
beam of the radiation pattern is slightly broadened, but 
is still excellently formed and narrow enough for practi 
cal purposes. Furthermore, the maximum sidelobe level 
is still less than - 40 dB. 

Similar performance of the above described antenna 
has been shown to be obtainable for monopulse differ 
ence patterns according to the Bayliss reference. 
An electronically scanned, space fed antenna system 

has been shown and described and a method of calculat 
ing the parameters needed to operate the antenna dis 
closed. As is apparent, this method of selecting the 
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operating parameters of the antenna allows wide varia 
tion in many of those parameters to fit a particular need. 
While the parameters of a particular antenna providing 
excellent performance to a scan angle of E40 have 
been specified, it is anticipated that further studies of the 
effects of variations in the various parameters and fur 
ther refinements of the mathematical model may pro 
vide antenna designs offering even better performance 
for particular needs. An important advantage of the 
present invention is that an E-scan, space fed antenna 
can be realized utilizing a relatively small number of 
expensive, digitally controlled amplitude settings and 
phase shifters. 
Among others, two important modifications may be 

made to the apparatus described above without depart 
ing from the scope of the present invention. First, look 
up table 22 of FIG. 1 may be replaced with a computer 
which continuously matches the actual illumination of 
probes 13 to the desired illumination by changing the 
inputs to weighting apparatus 31. Second, if wide-band 
operation of the antenna is desired, it may be necessary 
to include a center frequency selection apparatus which 
adapts the weighting factors to the different frequen 
cies. 
We claim: 
1. A method of operating an antenna system of the 

type having a radiation array and a spatially separated 
excitation array comprising the steps of: 

selecting a desired set of amplitudes and phases neces 
sary to cause the radiation array to create a desired 
radiation pattern; 

selecting a subset of the excitation array; 
formulating a description of actual amplitudes and 

phases of said radiation array in terms of ampli 
tudes and phases of said subset of said excitation 
array; 

determining an optimum set of amplitudes and phases 
of said subset which minimizes a mean square error 
between said actual amplitudes and phases and said 
desired amplitudes and phases; and 

controlling phase and amplitude characteristics of 
transmission paths between said selected subset of 
said excitation array and an apparatus utilizing the 
antenna to produce said optimum set of phases and 
amplitudes at said excitation array. 

2. A method according to claim 1 wherein said step of 
selecting said subset further comprises the steps of: 
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10 
identifying said desired radiation pattern as one of a 

stored set of patterns; and 
configuring a switching matrix according to a prede 

termined configuration associated with said one of 
said stored set of patterns. 

3. A method according to claim 1 wherein said step of 
controlling said phase and amplitude characteristics 
further comprises the steps of: 

identifying said desired radiation pattern as one of a 
stored set of patterns; and 

setting phase shifters and amplitude settings coupled 
between said subset of said excitation array and 
said utilization apparatus according to a predeter 
mined pattern associated with said one of said 
stored set of patterns. 

4. A method of operating an antenna system of the 
type having an excitation array, a radiation array, a 
parallel plate lens coupling the excitation and radiation 
arrays and a number of phase shifters and amplitude 
setters less than a number of elements in said excitation 
array comprising the steps of: 

selecting a set of amplitudes and phases correspond 
ing to a desired pattern of said radiation array; 

selecting a subset of said excitation array having a 
number of elements equal to said number of phase 
shifters and amplitude setters; 

generating a matrix whose elements describe the am 
plitude and phase of the illumination of each radia 
tion array element by each excitation array element 
in said subset; 

solving for a set of amplitudes and phases of said 
subset of excitation array elements which mini 
mizes a means square error between said selected 
set of amplitudes and phases and an actual set of 
amplitudes and phases; and 

adjusting said phase shifters and amplitude setters to 
match the amplitudes and phases of said excitation 
array elements to said solved for amplitudes and 
phases. 

5. A method according to claim 4 wherein said step of 
selecting said subset further comprises the steps of: 

identifying said desired radiation pattern as one of a 
stored set of patterns; and 

configuring a switching matrix according to a prede 
termined configuration associated with said one of 
said stored set of patterns. 
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